In this paper we assess the benefits and costs of introducing biologically contained genetically modified (GM) crops, with an application to the potential introduction of GM tomatoes and eggplants in Italy and Spain. Such crops possess both the standard beneficial GM traits, and they prevent introgression of transgenes from GM crops to their conventional or wild relatives, thereby adding to the safety of their cultivation. As a result, coexistence regulations for these crops are less stringent than for crops without biological containment. The potential adoption of biologically contained GM tomatoes and eggplants is assessed in a cost-benefit framework for Italy and Spain. We conclude that biological containment has considerable potential benefits if policy makers are willing to loosen the restrictions on the introduction of these varieties.
Introduction
Genetically modified (GM) crops can substantially reduce the environmental footprint of agriculture and increase the sustainability of agriculture production. The potential contribution of GM crops to improve sustainability of agriculture productions includes higher yields per unit of land, reduced pesticide and fuel use, positive effects on biological diversity and soil conservation resulting in an increase in ecosystem services [1, 2] . There is a concern, however, that transgenes may be transferred to non-GM crops or even wild relatives. This gene flow can be inhibited by physical measures, such as isolation distances between GM crops and conventional varieties or wild relatives, and by biological containment, i.e., by introducing changes in the plant's reproductive systems preventing dispersal of viable seeds and/or outcrossing through pollen. An example of such a containment measure is the control of pollen-mediated gene flow from the plant via transgenic male-sterility systems [3, 4] . Hence, biologically contained GM crops do not require the stringent coexistence regulation that exists for regular GM crops in the European Union and are under debate in the US [1, 5] .
In this paper we assess the benefits and costs of introducing biologically contained GM crops, with an application to the potential introduction of GM tomato (Solanum lycopersicum) and eggplant (Solanum melongena) in Italy and Spain. Such crops possess the standard beneficial GM traits that make them attractive for commercial cultivation. The prime example is Bt maize which has seen the widest adoption in Europe since it was first released in Spain in 1998 [6] . In addition to these beneficial traits, containment measures prevent movement of transgenes from GM crops to their conventional or wild relatives, thereby adding to the safety of the introduction of GM plants.
We assess the benefits and costs of biological containment in GM crops, based on the reduced coexistence compliance costs. In the paper we apply this to GM tomatoes and eggplants in Italy and Spain, but it is relevant to other GM crops that may be released for commercial cultivation in the EU. Calculation of the reduced coexistence compliance costs are based on a review of existing measures for GM crops in Italy and Spain, as well as a review of the technical aspects of GM tomatoes and eggplants that tells us which coexistence measures are relevant.
Existing studies show that the costs of coexistence measures for GM crops may be substantial [7, 8] . A large and diverse portfolio of regulations exists to regulate the commercial cultivation of GM crops in Europe [1, 5] . The costs associated with these measures, and minimum distance requirements in particular, can severely constrain the adoption of GM crops. Soregaroli and Wesseler [9] and Demont et al. [7, 8] show that such regulations may disproportionally raise the costs of coexistence of GM with conventional crops, while Skevas et al. [10] show flexible coexistence regulations may allow farmers to reduce the coexistence compliance costs to almost zero. The benefit of cultivating biologically contained GM crops is evident. Compared with GM crops without biological containment, these crops require less stringent policies, or even no policies, to regulate their coexistence with both conventional and organic crops. Biologically contained GM crops thereby combine the benefits of standard GM crops with the benefits of avoided minimum distance requirement costs.
One may question the use of biological containment for coexistence of tomatoes and eggplants. Both are selfing crops with low probabilities for cross pollination. Nevertheless, the minimum distance requirements considered by EU member states for crops such as oil seed rape, maize and sugar beets often exceed what would be necessary from a scientific point of view [11] . One may even question the necessity for coexistence regulations from an economic point of view [12] . The pros and cons have been addressed by a number of authors [1, 8, 10, 11, [13] [14] [15] . As coexistence requirements are politically motivated, we hardly can expect cultivation of GM tomato and GM eggplants to be possible without coexistence regulations. Biological containment, when proven effective in practice, has the potential to result in less stringent coexistence regulations and it is worthwhile to investigate the amount of benefit to expect, while recognizing this may not necessarily convince decision makers.
Our results show that the potential short-run benefits (assuming infinite demand elasticities) of GM tomato and eggplant are significant. Minimum distance requirements will reduce such benefits and in particular the benefits to smaller vegetable farmers. Depending on the minimum distance requirements biological containment can provide substantial economic benefits and in particular for smaller farms.
The paper is organized as follows. In Section 2 we present the technical aspects of our analysis, focusing on GM traits and gene flow levels for GM tomatoes and eggplants. In Section 3 we present the relevant economic aspects, including both the benefits of these GM crops in terms of reduction of damage due to disease and other pressures, and the foregone costs of regulation in both Italy and Spain. In Section 4 we combine the results of our technical and economic review in a cost-benefit framework based on Beckmann and Wesseler [16] , and we conclude in Section 5.
The Technical Story: Traits and Cross-Pollination
In this section we present the beneficial traits that can potentially be introduced through genetic modification into tomatoes and eggplants, as well as the species' risks of cross pollination.
Traits
The first commercially approved GM tomato was the so-called Flavr Savr, which had an increased shelf life and was sold in the US in the beginning of the 1990s. Though the commercial success was limited, many more traits of tomatoes and eggplants have been investigated since.
In the European Union, Italy and Spain have so far seen the largest number of field trials of GM tomatoes and eggplants (Table 1) . The most important traits in these trials with tomato are resistance against viruses such as Cucumber Mosaic Virus (21 releases), Tomato Yellow Leaf Curl Virus (4 releases), Tomato Spotted Wilt Virus (one release) and Potato virus Y (one release). Other traits enhance the crop's quality, notably through parthenocarpy and extended shelf life. Lastly, herbicide tolerance and drought resistance have also been introduced into tomatoes. For eggplants, the most important traits under consideration are parthenocarpy and insect resistance through Bt. 
Cross-Pollination
Tomato and eggplant are both selfing species, which suggests that there is only a small likelihood of gene flow by pollen. Plant species are very rarely completely selfing, however: cross-pollination enlarges genetic diversity within the species, which offers evolutionary advantages. Hence, some cross-pollination occurs in tomato and eggplant, albeit at a small percentage and depending on environmental conditions, typically in the range of 0-10% [17] . (The standard test to measure the adventitious presence of GM in non-GM crops is quantitative polymerase chain reaction (qPCR) [18] . As of now, however, it is uncertain how quantification of transgenes will be conducted for fruits like tomatoes and eggplants. The threshold level for labeling in the EU is 0.9%, but the uncertainty is whether this percentage will be calculated over the whole fruit (i.e., both seeds and flesh) or only over the seeds-the only part of the tomato or eggplant where GM admixture can occur. Hence, the effective stringency of the 0.9% threshold varies on how the percentage transgene will be calculated, and therefore also the extent to which cross pollination will be more or less restrictive to the commercial success of GM tomato and eggplant.) Therefore, GM tomato and eggplant may affect wild relatives and non-GM relatives through cross-pollination.
Existing studies on transgene flow in tomatoes and eggplants show mixed results. For example, Ilardi and Barba [19] compared the frequency of spontaneous crossing of homozygous GM tomato (Lycopersicon esculentum) with that of a control group, and detected no GM pollen flow. In an open field trial, Accotto et al. [17] found that only 0.32% of the progeny of non-GM tomatoes near GM tomatoes contained transgenic DNA. These numbers varied according to pollinator activity as pollinating insects are more important than wind dispersal.
Early work by Sambandam [20] showed an average cross pollination rate of 6.75% for eggplant. Studies of eggplant in India have reported cross-pollination rates up to 20-48%, mainly subject to the fruit's variety, geographical location, and insect activity [21] . Franceschetti and Lepori [22] find rates between 10% and 29%. These cross-pollination rates are relatively high for a selfing species.
The Economic Story: Benefits and Foregone Costs
In this section we present the relevant economic aspects, including both the benefits of these GM crops in terms of reduction in damage from pathogens as well as possible increase in production, and the foregone costs of coexistence regulation in both Italy and Spain.
Current commercial cultivation of GM crops in Italy and Spain is very limited [6] . In Italy, there is no production yet of any GM crop. In Spain, commercial cultivation started in 1998 and now amounts to roughly 80,000 hectares of Bt maize, or 22% of total maize production in Spain [23] . When GM tomatoes or eggplants are introduced, there is a large potential cultivation area in both Italy and Spain, which are the top EU producers. In Italy, tomato production is 6,000,000 t on 118,000 ha and eggplant production is 271,000 t on 12,000 ha. In Spain, tomato production is 3,700,000 t on 54,000 ha and eggplant production is 185,000 t on 4,250 ha for the year 2005 [24] . Other relatively large tomato and eggplant-producing countries in Europe include Greece (both tomato and eggplant), Portugal (tomato), and Romania (eggplant).
Benefits of GM Traits

Tomato
Agronomic properties of tomatoes can be improved with GM traits. One of these properties is reduced water deficit stress [25] , which could allow cultivation on currently marginal land that meets tomato-production conditions in other respects. Conversely, it reduces the opportunity costs of growing tomato, as less water may be needed in the cultivation process.
Another property is virus resistance. This is a very relevant and potentially valuable trait for tomato cultivation. Martelli [26] mentions the example of Cucumber mosaic virus (CMV) and its necrogenic satellite RNA, and its destructive force to tomatoes. Lethal necrosis of tomato induced by CMV, a virus disease transmitted by aphids, recurs yearly in Mediterranean Europe over the last three decades. It has caused tomato farmers in several areas of southern Italy, where they were traditionally grown, to abolish the production of tomatoes altogether [26, 27] .
Studies of the effect of virus resistance on productivity are often difficult to interpret. A complicating factor is often that pest infestation levels can be variable from year to year, therefore, yield advantages will also vary. Harvest security may then be the prime advantage of a pest-resistant GM crop. For instance, Accotto et al. [17] compare the occurrence of the Tomato spotted wilt virus (TSWV) in resistant GM tomatoes to that among non-resistant tomatoes in the absence of conventional treatment (TSWV infection can be reduced by the use of insecticides as it is transmitted by thrips). The authors find that the resistant GM tomatoes are not affected by TSWV whereas 33-50% of non-resistant ones are. Tomassoli et al. [28] find that CMV-resistant tomatoes are commercially viable, although not as resistant to virus infections as found in the lab. Gianessi et al. [29] assess that Yellow Leaf Curl Virus (YLCV) resistance, a virus disease transmitted by white flies, may prevent a current yield loss of 1%, and substitute for current prevention measures, which include insecticide use and netting. Yield losses can be much higher than that (even up to 100% [26] ), but to stay on the conservative side we assume an average yield increase of 5%.
In terms of yield per hectare, there are no large benefits of GM tomatoes. Herbicide tolerance offers no significant yield improvements [30] , unless conventional weed control is suboptimal. Costs, however, are roughly 8.9% lower due to reduced herbicide use. Rotino et al. [31] find that parthenocarpic tomatoes bear slightly smaller fruits, but because the fruits are also more numerous the yields are comparable to non-parthenocarpic tomatoes.
A conservative monetary estimate of the benefits of GM tomatoes, based on the discussed traits and related benefits, can now be drawn. Virus resistance is likely to be the most important trait of GM tomatoes as the damages from virus epidemics are of a higher order of magnitude than, say, savings on herbicide use. Table 2 shows estimates of expenses on insecticides to control vectors in tomato production as found in the scientific literature. These figures suggest that these expenses may be anywhere between €9 and €293 per ha, although the majority of studies arrive at an estimate of about €50 or less. Not all insecticide use may be attributed to YLCV infection, but it gives at least an indication of the possible savings in insecticide use. If, as suggested by Gianessi et al. [29] , YLCV resistance substitutes insecticide use, the monetary value of this trait may be in the same order of magnitude. For CMV resistance, however, the figures are less certain because neither insecticides nor transgenic resistance appear to be 100% effective [28, 29] . Due to these complexities we disregard the possible savings in pesticide use of GM tomatoes. [32] Michigan, USA Focus group €34 Yardım and Edwards [33] Ohio, USA Field experiment €130 Tatlidil and Aktürk [34] Çanakkale, Turkey Farm survey €35-48 ** Engindeniz [35] Izmir, Turkey Farm survey €106 ** Esengun et al. [36] Tokat, Turkey Farm survey €293 Miyao et al. [37] California, USA Model study €9 Miyao et al. [38] California, USA Model study €11 * Costs in dollars were converted to euro's using real annual country exchange rates for the Eurozone from USDA (http://www.ers.usda.gov/Data/ExchangeRates/); ** Total costs of pesticide use.
Given the mentioned production levels of tomato of 51 t/ha in Italy and 68 t/ha in Spain, a 5% increase in yields at 2005 price levels, namely €159 per ton in Italy and €522 per ton in Spain [24] amounts to an increase in farm profit €405 per ha in Italy and €1,775 per ha in Spain.
In addition to these direct monetary effects, there are also non-pecuniary effects of GM traits that are harder to estimate. Marra and Piggott [39] estimate the value of non-pecuniary benefits of insect resistant corn at about US$7 per ha, and about US$12-24 for herbicide tolerant crops. We use the estimate for insect resistant corn as a proxy for non-pecuniary values for GM tomato and eggplant, as these values do not depend much on the type of crops under consideration. At 2005 real annual country exchange rates this amounts to about €6 per ha.
Hence, calculated total benefits of GM tomato traits sum up to €412 per ha in Italy and €1,781 per ha in Spain. Costs of the technology are estimated at 34% of the gains [40, 41] , so that the calculated net gains amount to €271 per ha in Italy and €1,175 per ha in Spain.
Eggplant
Effects of GM in eggplant production mainly regards parthenocarpy and Bt. Parthenocarpic eggplants are found to be 25% more productive in winter cultivation, coinciding with a 10% reduction in cultivation costs, and in improved quality of the fruit [42] . Acciarri et al. [43] extend this analysis to spring and summer cultivation, both in greenhouse and open field conditions, and find a 30-35% increase in productivity, mainly due to improved fruit-set under sub-optimal temperatures, combined with enhanced fruit growth and weight, and increased quality.
In addition to a positive effect on yield levels, Bt technology allows significant reductions in the application of insecticides. For instance, the gains from adoption of Bt eggplant in India would amount to about US$108 million per year [44] . Another attractive trait is that GM eggplants may be endowed with nematode resistance [45] , and other types of resistance that allow reducing the use of pesticides. Studies from India show that these reductions may amount up to 52% decreased pesticide use [44, 46] . Estimated impacts of Bt eggplant adoption in New Jersey includes a 22% reduction insecticide use on eggplant [47] .
A conservative monetary estimate of the benefits of GM eggplant, based on the discussed traits and related benefits, can now be drawn. The benefits to eggplant can be summarized as a productivity increase and reduced pesticide use. For the productivity increase an estimate of 25% seems reasonable [42, 43] , and for reduced pesticide use we use the lowest estimate in the literature, which is 22% [47] . This survey provides us with the following crude parameter calculations.
Insecticide use in eggplant production is calculated at €117 per ha for oriental eggplant [48] and at €723 per ha for American eggplant [49] (converted from dollars to Euros using real country exchange rates with base year 2005 [50]). Gianessi et al. [47] suggest that insecticide use in eggplant production costs about €193 per ha, which Bt may reduce by 22%, or €42 per ha. Given the mentioned production levels of eggplant of 23 ton per ha in Italy and 43 ton per ha in Spain, a 25% increase in yields at 2005 price levels, namely €413 per ton in Italy and €713 per ton in Spain [24] amounts to an increase in farm profit of €2,375 per ha in Italy and €7,665 per ha in Spain. As is the case for GM tomato, these estimates are very high compared to the conventional increases in farm profits due to GM adoption. The calculated non-pecuniary effects of GM traits are, again taken from Marra and Piggott [39] and set at €6 per ha.
Hence, calculated total benefits of GM eggplant traits sum up to €2,381 per ha in Italy and €7,671 per ha in Spain. Costs of the technology are calculated at 34% of the gains [40] , so that the calculated net gains amount to €1,571 per ha in Italy and €5,063 per ha in Spain.
Foregone Costs of Coexistence Measures
Regulations on coexistence of GM and non-GM crops in the EU are based on the general guidelines for coexistence developed by the European Commission [51] . There is a wide variety in the regulations that EU states have adopted to govern the production, processing, and sale of GM crops. Two types of regulation can be distinguished, ex ante and ex post, indicating the type of liability rules that farmers face in their decision to plant GM crops [5] . Ex ante regulation focuses on the conditions and constraints that farmers have to meet in the production process of GM crops. This type of regulation includes registration in specified databases, the duty to inform neighboring landowners, and requirements on a minimum distance between GM crops and their non-GM relatives. Ex post regulation focuses on the consequences (to the farmer) of the adventitious presence of GM crops in non-GM crops. This type of regulation includes the rules and requirements for damage compensation to non-GM farmers. These rules determine implicitly who has the burden of proof, the GM or the non-GM farmers.
In terms of these two types of regulation, the two countries of interest in this paper, Italy and Spain, have rather different regulation styles. Italy has relatively undeveloped national regulation, relying mostly on ex post liability rules. It has, however, decentralized the possibility for ex ante regulation to the regional level. Spain combines several ex ante measures with a more stringent and innovative ex post regulation. The relevant regulations are listed in Table 3 . Table 3 . Relevant legislation on coexistence of GM and non-GM crops in Italy and Spain (Source: [1, 5] ). In both countries, the approval of GM tomatoes or eggplants is expected to require a restrictive minimum distance requirement in order to avoid cross-pollination. The level of this distance requirement depends on the probability of cross-pollination and pollen dispersal distances. Recall that tomatoes and eggplants have both low levels of cross-pollination and small pollen dispersal distances, which would call for relatively low distances. The decision on minimum distance requirements, however, is largely a political decision, in which substantial safety margins are used in order to assure that no cross-pollination will occur. These safety margins differ considerably across EU member states. GM maize, for instance, has a minimum distance requirement ranging from 25 m in Sweden to 800 m in Luxembourg, although scientific evidence does not call for such distances larger than 15-50 m [14] .
Country Type of regulation Description
Two prominent alternative measures to regulate the coexistence of GM and non-GM crops are the use of buffer strips and the use of insect-proof nets. Buffer strips consist of a non-GM variety of the GM crop, planted in a strip along the outer border of the GM field. These strips are claimed to be more effective and more flexible than minimum distance requirements [8] , although this claim is not uncontested [13] . Insect-proof nets can be used to isolate crops from the environment and thereby prevent transgene flow. This measure is only necessary during the flowering period, as isolation during this period is "one of the best methods to avoid hybridization" [52] . Accotto et al. [17] find that the use of nets is a very effective measure for GM tomato, reducing transgene flow to zero.
Despite the effectiveness of these two alternative measures, we find it unlikely that no minimum distance requirement will be imposed, given existing regulations and the political aspects related to the introduction of GM crops. In that respect, the situation for tomatoes and eggplants is similar to that of potato. Potato is a selfing crop with pollination rates comparable to those of eggplant (about 20%). Distance measures for potato range from 2 m in Sweden to 50 m in Poland [23] . In this paper we assume a minimum distance of 50 m will be imposed.
A monetary assessment of the costs of minimum distance requirements very much depends on local management conditions. The following considerations are important: (1) the area currently and potentially under vegetable production; (2) the presence of non-GM vegetables of the same species within the minimum distance from the field's borders; (3) the parcellation of the farms; (4) the need for refuge areas in case of Bt eggplants, and the flexibility of regulations [10] .
Besides the possible application of GM crops on existing agricultural land, some traits can open up areas to vegetable production that are currently unsuitable, for instance because of the prevalence of pests and diseases. This may particularly be the case for resistance to CMV, which has drastically reduced tomato production in Southern Italy [27] .
A single non-GM field is able to trigger a so-called domino effect where adjacent fields are prevented from adopting GM crops, in turn preventing other fields from adopting, and so on [7] . Without spatially explicit information on farmers' readiness to adopt GM vegetables, however, it is difficult to say beforehand how many GM vegetable plots need to take distance measures.
The number of parcels of a farm, and the size and shape of those parcels matters because these factors determine what border length in the farm may lie close to a non-GM vegetable field. A farm with many parcels has longer borders per area unit than a similarly sized farm with fewer parcels. Moreover, smaller parcels or farms have longer borders per area unit, as well as more rectangular parcels.
The last consideration relates to cultivation practices and is best illustrated using the example of Bt eggplant. Bt eggplant has the unintended effect that resistance can be built up by the target insects. A management measure that mitigates this effect is the creation of refuge areas of conventional eggplant plants within a field of Bt eggplant. The requirement of a minimum distance would make it attractive to have these refuge areas on the outer edges of an eggplant plot. Hence, the regulation may possibly be easily incorporated in existing cultivation practices (e.g., [53] [54] [55] ).
Given these considerations, the potential area of GM tomatoes or eggplants can theoretically be anything between zero and the current area of vegetable production, or even more. To gain at least a qualitative insight into the order of magnitude of the potential area of GM tomatoes and eggplants with and without biological containment, we make a number of simplifying assumptions.
As regards the area of vegetable production, we ignore the possibility that virus resistance increases the area of vegetable production. This likely leads to an underestimation of the potential area of GM vegetables, but it allows us to use current data on vegetable production in Italy and Spain.
As regards the minimum distance, we assume all fields with GM crops must have buffers of 50 m between the plot border and the GM crops. The buffer region of, say, a GM eggplant field can be used for non-GM eggplants that can serve as a refuge to prevent the build-up of Bt resistance. Crops from a buffer strip do not have the same benefits as GM crops, although they will probably have to be sold and processed as GM crops. This assumption also likely leads to an underestimation of the potential area of GM vegetables, because such buffer strips may not be necessary in many cases. For instance, there may be no non-GM vegetables of the same species around.
As regards parcellation, we assume all farms consist of a single square-shaped parcel. Parcels come in many shapes, although circular shapes may not be common. Field shape may influence the amount of pollen-mediated gene flow. Two rectangular fields have a larger border for exchange of pollen if they share a long border than if they share a short border. Moreover, rectangular plots have a lower amount of competing pollen around them as the area around the border is smaller, thereby preventing pollen influx from the other field [56] . To be on the safe side we base our calculations on square fields. Given these assumptions, a farm with area A has four borders of length a. A required buffer of size b the reduces the potential area of GM vegetables on this farm to ( )
(1) Table 4 shows the area of open field and market gardening vegetable production on farms of different size classes in Italy and Spain, as well as the number of enterprises involved. From these data we calculate A for each size class and type of production by calculating the average vegetable production area per farm. Using Equation (1), we calculate the potential area of GM vegetables in each size class (labeled "GM" in Table 4 ). As explained above, these calculations are subject to very strong assumptions that may cause an upward as well as a downward bias. Nevertheless, the calculations give useful insight into the potential area of GM vegetables in Italy and Spain. The numbers indicate that under these assumptions about 79% and 66% of vegetable production land will be needed for coexistence buffers in Italy and Spain, respectively. The difference between the two countries stems from the fact that Italy has a larger proportion of small vegetable producers, which have a higher border-area ratio and hence a stronger impact of coexistence buffers. These numbers are considerably larger than the estimate of Gianessi et al. [29] that GM tomato varieties may be planted on about 53% of tomato production area in Greece, Portugal, Italy and Spain. Table 4 . Average vegetable production area per farm in different farm size categories in Italy and Spain, and estimated net area available for GM vegetables under a buffer of 50 m from the parcel border. Based on these assumptions and the data given in Table 4 it is possible to calculate the area available for GM vegetables as a function of the minimum distance requirement (Figure 1 ). In both countries the current area of vegetable production is slightly less than 2500 km 2 . 
Net Benefits of Biological Containment
Combining the results of our technical and economic review in Sections 2 and 3, in this section we use this information in a cost-benefit framework. This framework is based on Beckmann and Wesseler [16] who assess how regulation and spatial aspects affect coexistence of GM and conventional crops. Formally, the main condition for coexistence of crops in a certain region is:
Where VC is the value of coexistence, N is the set of conventional (non-GM) farmers and G is the set of GM farmers. Variables Finally, i d denotes economic damage costs due to mixing (only incurred by non-GM farmers as they will incur a price loss) and i f denotes costs of measures implemented by GM farmers. Both economic damage costs and costs of measures implemented by GM farmers will obviously depend on the spatial distribution of both types of farms and on the possibility of cross pollination, as discussed above. VC needs to outweigh both the value of N V (all farmers grow non-GM) and G V (all farmers grow GM) for coexistence to be profitable in the region under investigation. For a more detailed analysis coexistence costs see [1] . Equation (2) also indicates that coexistence is profitable only if the value of switching to GM crops is sufficiently large to cover the costs due to damage and preventive measures. Based on the information provided in Sections 2 and 3, we can make the following observations in light of Equation (2) . First, the value of switching to GM tomato or eggplant is high relative to other crops, which implies that it is likely that G V outweighs N V , when damage and costs are ignored. Second, the damage variables i d are zero, given the negligible probabilities of cross pollination for tomato and eggplant. Third, given the regulations in place in Italy and Spain, the costs of minimum distance requirements i f are likely to be borne by the GM farmers, as is already indicated in Equation (2) . From these observations, it follows that the possibility of coexistence and the adoption rate of GM tomato and eggplant can be reduced to a trade-off between the value of switching to GM-crops (in the order of €271-€5,063 per ha) vs. the costs of minimum distance requirements, which depends on the spatial characteristics of farms and GM adoption (e.g., farm size, heterogeneity, plot sizes, farm density). Our analysis in Section 3.2 suggests that only 21% and 34% of existing vegetable production land can be used for GM vegetables in Italy and Spain, respectively. Assuming that these numbers apply to both tomatoes and eggplants, this implies that at most 24,601 ha and 18,368 ha of GM tomatoes will be planted in Italy and Spain, respectively, and 2502 ha and 1446 ha of eggplant. These calculations assume that the buffer areas will be planted with non-GM crops, which serve as refuges to avoid pest resistance, and which will be processed and traded as GM crops because of the likely presence of GM genetic material. The benefits of biological containment will lie mainly in not having to keep a safe distance from other crops, and hence being able to use the entire tomato and eggplant growing area for GM crops. Given the aforementioned benefits of GM tomatoes and eggplants, making these buffer areas available for these crops amounts to €25 mil and €42 mil for tomatoes in Italy and Spain, respectively, and €15 mil and €14 mil for eggplants.
Conclusions
In this paper we assess the benefits and costs of introducing biologically contained GM crops, with an application to the potential introduction of GM tomatoes and eggplants in Italy and Spain. The main benefits of GM tomatoes and eggplants appear to lie in virus resistance and insect resistance, whereas the benefits of biological containment will probably lie in the ability to use the entire potential production area of the two crops.
Due to the available information, we assumed crops can be made resistant against all relevant viruses at once following the current trend of stacked GM crops (i.e., GM crops with multiple individual GM traits, such as specific insect resistance and herbicide tolerance). Hence, we ignored the possibility that, say, YLCV-resistant tomatoes can still become infected by CMV. The potential area of GM crops may be lower than calculated in this study as farmers may prefer non-GM crops for personal or commercial considerations. The minimum distance may have been chosen rather arbitrarily, although we believe it is a reasonable assessment given the fact that both crops are selfing species and distances used for crops with a similar reproductive biology (sugar beets and potato). The impact of minimum distance requirements on the potential area of GM crop, and hence the benefits of biological containment, may be smaller than we calculate because it is unlikely that all GM crops have a non-GM neighbor. Indeed, this assumption is somewhat inconsistent as there would be no coexistence problem in the first place if all tomatoes and eggplants were transgenic. Nevertheless, we believe this assumption was necessary to avoid any arbitrarily chosen proportion of GM and non-GM crops. On the other hand, the benefits of biological containment may be larger than we calculate because we assumed rather favorable parcellations. In reality, farms are likely to have several plots, and the plots are likely more rectangular or irregularly shaped than we assume. Therefore, farms probably have a larger border-area ratio than we assume, and hence suffer a more severe impact from distance measures. Nevertheless, a response might be clustering of farms [55] . Further, price effects caused by an increase in supply have not been considered. Prices for vegetables are very erratic. Nevertheless, using prices for 2005 is a safe assumption considering the recent increase in consumer prices for vegetables in the EU.
Given these limitations, our results show that the potential benefits of GM tomato and eggplant are considerable. Our calculations only include the direct benefits and costs. The indirect benefits caused by reduced pesticide use further increase the social benefits and contributes to improving the sustainability of agricultural production. The benefits of biological containment may be in the order of magnitude of up to €42 mil, which is also a considerable amount depending on the minimum distance requirement. In particular smaller vegetable farmers, the majority of tomato and eggplant producers, would benefit. Even if prices for tomatoes and eggplants would decrease by 50% an amount of about €20 mil is considerable. Future research should consider supply and demand side effects and regional aspects in more detail such as the potential for reviving tomato production in the South of Italy. Our study provides a first step in that direction.
